Spatially-Resolved Study of Recombining Plasma in W49B Using XMM-Newton by Holland-Ashford, Tyler et al.
Draft version July 24, 2020
Typeset using LATEX twocolumn style in AASTeX62
Spatially-Resolved Study of Recombining Plasma in W49B Using XMM-Newton
Tyler Holland-Ashford,1, 2 Laura A. Lopez,1, 2, 3 and Katie Auchettl4, 5, 6, 7
1Department of Astronomy, The Ohio State University, 140 W. 18th Ave., Columbus, OH 43210, USA
2Center for Cosmology and AstroParticle Physics, The Ohio State University, 191 W. Woodruff Ave., Columbus, OH 43210, USA
3Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark
4School of Physics, The University of Melbourne, Parkville, VIC 3010, Australia
5ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D)
6DARK, Niels Bohr Institute, University of Copenhagen, Lyngbyvej 2, 2100 Copenhagen, Denmark
7Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA
ABSTRACT
W49B is the youngest SNR to date that exhibits recombining plasma. The two prevailing theories
of this overionization are rapid cooling via adiabatic expansion or through thermal conduction with
an adjacent cooler medium. To constrain the origin of the recombining plasma in W49B, we perform
a spatially-resolved spectroscopic study of deep XMM-Newton data across 46 regions. We adopt a
3-component model (with one ISM and two ejecta components), and we find that recombining plasma
is present throughout the entire SNR, with increasing overionzation from east to west. The latter
result is consistent with previous studies, and we attribute the overionization in the west to adiabatic
expansion. However, our findings contrast these prior works as we find evidence of overionization in the
east as well. As the SNR is interacting with molecular material there, we investigate the plausibility of
thermal conduction as the origin of the rapid cooling. We show that based on the estimated timescales,
it is possible that small-scale thermal conduction through evaporation of clumpy, dense clouds with a
scale of 0.1–1.0 pc can explain the observed overionization in the east.
Keywords: Supernova remnants — Interstellar medium — X-ray astronomy
1. INTRODUCTION
X-ray studies have revealed that many supernova rem-
nants (SNRs) have recombining plasmas (RPs; e.g.,
Ozawa et al. 2009; Yamaguchi et al. 2009; Ohnishi et al.
2011; Uchida et al. 2012; Lopez et al. 2013a; Sato et al.
2014; Auchettl et al. 2015; Uchida et al. 2015; Washino
et al. 2016; Auchettl et al. 2017; Matsumura et al. 2017;
Okon et al. 2018; Suzuki et al. 2018). In particular, their
spectra show radiative recombination continua (RRCs)
which arise when electrons collide and recombine with
ions. RPs are overionized, where the electron temper-
ature kTe from the continuum is lower than the ion-
ization temperature kTz given by line ratios (Kawasaki
et al. 2002, 2005), in contrast to a collisional ionization
equilibrium (CIE) plasma where these temperatures are
equal. Most young SNRs (with ages . 103 years) are un-
derionized, whereas older SNRs have reached CIE. How-
ever, in SNRs where rapid cooling has occurred, overion-
ization is possible because the recombination timescale
is longer than the cooling time (see the review by Yam-
aguchi 2020).
The origin of RPs is debated: the two proposed sce-
narios are rapid cooling arising from adiabatic expan-
sion or from thermal conduction (the timescale for cool-
ing via radiation is much too long; see Masai 1994 and
Kawasaki et al. 2002). After gas is shock-heated to high
temperatures, rapid cooling via adiabatic expansion oc-
curs when the gas breaks through to a low-density inter-
stellar medium (ISM; e.g., Moriya 2012; Shimizu et al.
2012). The electrons cool more rapidly than the ions,
producing an overionized plasma (see e.g., Itoh & Ma-
sai 1989; Yamaguchi et al. 2009). Thermal conduction,
on the other hand, occurs when hot ejecta cools by the
exchange of heat with cooler material (e.g., Cox et al.
1999; Shelton et al. 1999) that can have a short enough
timescale to produce an overionized plasma (Kawasaki
et al. 2002). Among the SNRs with evidence of RP, all
are interacting with molecular clouds, indicating that
this interaction is tied somehow to the rapidly cool-
ing plasma. All SNRs with RPs are of the mixed-
morphology class (Rho & Petre 1998), which tend to
be mature SNRs with ages of ∼4000–20000 years (see
Section 10.3 of Vink 2012).
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W49B (G43.3−0.2) is the youngest SNR with overion-
ized plasma (∼1000–4000 years: Pye et al. 1984; Hwang
et al. 2000). Thus, W49B’s RP demonstrates that cool-
ing can occur even in the early stages of SNR evolution.
W49B is interacting with a molecular cloud on its east-
ern side (Keohane et al. 2007; Zhu et al. 2014), and it is
expanding into less-dense ISM on its western side. Con-
sequently, W49B is an ideal target to explore the origin
of RPs and overionization in SNRs.
W49B was one of the first SNRs where signatures of a
recombining/overionized plasma were discovered. Using
integrated ASCA data, Kawasaki et al. (2005) measured
the intensity ratios of He-like to H-like lines of Ar and
Ca, and they found kTz ∼ 2.5 keV & kTe ∼ 1.8 keV.
They proposed that thermal conduction was the ori-
gin of the overionization and found that the thermal
conduction timescale was less than the recombination
timescale.
Subsequently, evidence of a recombining plasma in
W49B was identified by Ozawa et al. (2009) using
Suzaku observations: they found an RRC feature from
He-like Fe at 8.830 keV and derived kTz ∼ 2.7 keV.
Miceli et al. (2010) localized spatially the recombining
plasma using XMM-Newton data by mapping the hard-
ness ratio of the count rate in the 8.3–12 keV band to
that in the 4.4–6.2 keV band. They found that the hard-
ness ratio is enhanced in the center and west of W49B,
which these authors attributed to the Fe RRC. How-
ever, the limited counts in these XMM-Newton obser-
vations precluded a spatially-resolved spectral model-
ing of these features, and the enhanced hardness ratio
could have arisen from other emission mechanisms (e.g.,
bremsstrahlung, synchrotron) or from high background.
Lopez et al. (2013b) presented a deep, 220-ks Chan-
dra observation of W49B, and Lopez et al. (2013a) ana-
lyzed this data to measure kTz in 13 regions across the
SNR using the He-like to H-like line ratios of S and Ar.
They showed that the SNR is overionized in the west,
where kTe < kTz, consistent with the adiabatic cooling
scenario and the results of Miceli et al. (2010). Zhou
& Vink (2018) performed a spatially-resolved spectro-
scopic study using the Chandra data, and they found in-
creased ionization timescale τ = net and kTe in the west,
with lower recombination ages of∼2000 years there com-
pared to that in the east (∼6000 years).
Using NuSTAR observations, Yamaguchi et al. (2018)
mapped the ratio of the Fe RRC line (at 8.8–10 keV) to
the Fe He-α line (at 6.4–6.8 keV) in W49B. They found
that this ratio is enhanced in the west, implying greater
overionization there. In addition, Yamaguchi et al.
(2018) conducted a spatially-resolved spectral analysis
of 12 regions across W49B, fitting data with a single RP
model and linking the initial temperature kTinit across
the regions. The western regions exhibited lower τ and
kTe than the eastern regions, again supporting the adi-
abatic cooling scenario.
Recently, Sun & Chen (2020) analyzed 2004 and 2014
XMM-Newton observations of W49B with a total effec-
tive exposure time of ∼230 ks. They performed a global
spectral analysis and showed that one CIE + two RP
components fit the spectra well, with kTinit values of
∼2.4 and 4.5 keV. These results are consistent with the
spatially-resolved Chandra study of W49B performed by
Zhou & Vink (2018), who found initial temperatures
near ∼2.5 keV in the east and &5keV in the west. Sun &
Chen (2020) suggested the high kTinit component might
have arisen from either thermal conduction or adiabatic
cooling, whereas the lower kTinit component likely orig-
inated from adiabatic cooling. Hydrodynamical simu-
lations by Zhou et al. (2011) and Zhang et al. (2019)
supported the possibility that both cooling scenarios to-
gether could explain the RP in W49B.
In this paper, we use the deep XMM-Newton observa-
tions of W49B to map the RP in order to ascertain the
origin of the rapid cooling in the SNR. This work im-
proves upon that of Sun & Chen (2020) by performing
a spatially-resolving analysis of the deep XMM-Newton
data, and we make use of XSPEC’s RP models which
were unavailable at the time of Lopez et al. (2013a).
The analysis approach is similar to Zhou & Vink (2018)
and Yamaguchi et al. (2018), taking advantage of XMM-
Newton’s better hard X-ray response than Chandra and
improved spectral resolution relative to NuSTAR.
The paper is organized as follows. In Section 2, we
present the observations as well as our methods of data
reduction and spectral fitting. In Section 3, we describe
the results and show maps of the best-fit parameters,
discussing how they relate to the presence and origin of
the overionized plasma in W49B. Finally, in Section 5,
we summarize our findings and the implications.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. XMM-Newton Data Reduction
W49B has been observed using the XMM-Newton
Observatory five times, with three observations in 2004
(ObsIDs 0084100401–0084100601; PI: Decourchelle)
for 39.3 ks and two observations in 2014 (ObsIDs
0724270101 and 0724270201; PI: Lopez) for 189.7 ks.
We only consider the recent pair of observations in or-
der to limit the systematic effects from the instruments’
spectral response. These observation were taken on
2014 April 17–19, with both the MOS and PN detectors
operated in the full-frame mode with the medium filter,
and have exposure times of 118.5 ks and 71.2 ks, respec-
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Figure 1. A Chandra image (Lopez et al. 2013a) of W49B
with the analyzed regions overplotted. Note that the region
numbers are indicated by the values above the boxes. North
is up, and East is left.
tively. The SNR (with a diameter of ∼4′: Green 2019)
is fully enclosed by the field of view of the detectors.
To process the data, we used the XMM-Newton Sci-
ence System (SAS) version 15.0.0 (Gabriel et al. 2004)
and the most up-to-date calibration files to produce the
data products for our analysis. As XMM-Newton suf-
fers from both proton flares and a high background, we
made count rate histograms using events with an en-
ergy between 10–12 keV and removed the time inter-
vals which were contaminated by a high background or
flares to produce our cleaned events. We found that
these observations are only partially affected by high
background/proton flares, giving an effective exposure
time of 141.4 ks, 150.3 ks, and 90 ks for the MOS1,
MOS2 and PN detectors, respectively. For all of the de-
tectors, we used the standard screening procedures and
screening set of FLAGS as suggested in the current SAS
analysis threads1 and XMM-Newton Users Handbook2.
As W49B is located in the Galactic plane, it is possible
that both Galactic Ridge X-ray emission and the Cosmic
X-ray Background can contribute non-negligibly to the
observed emission. To correct for this contamination, we
used evigweight on all of the cleaned event files which
allows us to take vignetting into account. All analy-
1 https://www.cosmos.esa.int/web/xmm-newton/sas-threads
2 https://xmm-tools.cosmos.esa.int/external/xmm user
support/documentation/uhb/
sis products and results presented below are from these
cleaned, filtered and vignetting-corrected event files.
We extracted spectra from 46 0.5′×0.5′ regions cov-
ering the spatial extent of the SNR (see Figure 1) us-
ing the SAS task evselect. Spectral response and ef-
fective area files for each detector were produced us-
ing the SAS tasks arfgen and rmfgen, respectively.
Given the high signal from W49B, we accounted for
the background using background subtraction from a
136′′×58′′ rectangular background region centered at
(α,δ)=(19h11m18.1s,−9◦11′26.3′′). We combined the
MOS1 and MOS2 spectra for each observation using the
HEASARC command addascaspec.
2.2. Spectral Fitting
The spectral fitting was performed using the X-ray
analysis software XSPEC Version 12.9.0 (Arnaud 1996)
and ATOMDB Version 3.0.9 (Smith et al. 2001; Foster
et al. 2012) over an energy range of 0.9−10.0 keV. Each
spectrum was grouped with a minimum of 25 counts per
energy bin using the FTOOLS command grppha and
fitted using χ2 statistics. We adopted solar abundances
from Asplund et al. (2009).
We fit the spectra of each region using an absorbed
model with one ISM component and two ejecta compo-
nents. In every region, we found that a single ejecta
component was insufficient to adequately fit the data
(e.g., producing large residuals around prominent emis-
sion lines) and that it was necessary to include at least
one RP component. We attempted using an underion-
ized, overionized, or CIE model to describe the lower-
temperature ejecta component, and we found that either
an overionized or CIE component produced the best fit,
depending on the region analyzed. We initially fit each
region with two RP components, and if the ionization
timescale τ exceeded 3×1012 cm−3 s, we fit the lower-
temperature ejecta with a CIE component, since 90% of
the material at temperatures of a few ×107 K reach CIE
by τ of a few ×1012 cm−3 s (Smith & Hughes 2010). In
these cases, using a CIE model to fit the cooler ejecta
resulted in a lower reduced χ2 than using a RP compo-
nent.
Our final model for each region was either
phabs×(vapec+vvapec+vvrnei) or
phabs×(vapec+vvrnei+vvrnei). The first vapec com-
ponent, a model for fitting a plasma in CIE with
non-solar abundances, represents the shock-heated
ISM/CSM. For that component, we fixed Mg to 0.3 Z
to match the fits of Sun & Chen 2020, and other abun-
dances were set to 1 Z. The middle vvapec or vvrnei
component represents the lower-temperature ejecta that
either has reached CIE or is overionized, respectively.
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Figure 2. Example spectra and fits from region 17 (left) and region 23 (right), where the cooler ejecta component is in CIE
or is overionized, respectively. The black line represents the best-fit model, the orange line is the ISM component, and the red
dotted (dashed) line is the cooler (hotter) ejecta components.
The final vvrnei component represents the hot ove-
rionized ejecta. As a vvrnei model reflects overion-
ized plasma, in addition to the typical fitting parame-
ters (e.g., current electron temperature kTe, ionization
timescale τ , normalization norm, and abundances of var-
ious elements), the model also includes the parameter
kTinit. This parameter captures the initial temperature
of the plasma before rapid cooling occurred. In order to
constrain the fits, we found it necessary to link kTinit of
the two RP ejecta components.
Additionally, we tied the abundances between the two
ejecta components and allowed Mg, Si, S, Ar, Ca, Cr,
Mn, Fe, and Ni to vary. Due to the high column density
NH and a corresponding lack of line detections below
∼1.1 keV, we froze all elements lighter than Mg to so-
lar metallicity. Generally, we found that the emission
below ∼1.9 keV is largely produced by the ISM and
cooler ejecta component and is attenuated by the high
NH toward W49B. As such, we note that there may be
a degeneracy between the fit parameters of these com-
ponents (e.g., NH, kTISM, kTe,1, τ1, and the Si abun-
dance). Above ∼1.9 keV, the hotter ejecta component
dominates the flux, enabling more robust measurement
of the associated parameters (e.g., kTe,2, kTinit, τ2, and
the S, Ar, and Ca abundances) to assess overionization.
2.2.1. Ionization Temperature and Fe RRC Measurements
Past studies of overionization in W49B (e.g., Kawasaki
et al. 2005; Lopez et al. 2013a; Sun & Chen 2020) have
calculated flux ratios between elements’ (Si, S, Ar, Ca)
Ly-α and He-α emission lines in order to estimate the
ionization temperatures kTz of each element. These
studies have shown that higher-mass elements have
greater kTz (i.e., kTz,Ar ≈ 2 keV; kTz,Ca ≈ 2.5 keV) than
lower-mass elements (i.e., kTz,Si ≈ 1.1 keV; kTz,S ≈
1.6 keV) in W49B. Lopez et al. (2013a) concluded that
the origin of these differences is unlikely to be phys-
ical, since heavier elements require longer ionization
timescales to reach CIE (Smith & Hughes 2010). How-
ever, Sun & Chen (2020) suggested that the differences
may arise because the Si and S are predominantly asso-
ciated with the cooler RP, whereas the Ar and Ca are
from the higher-temperature RP.
We examine the spatial distribution of kTz through-
out the SNR to investigate the possible origin of
these differing temperatures. To do this, we mea-
sure the continuum-subtracted fluxes of the Ly-α and
He-α lines for Si, S, Ar, and Ca. We account for
the thermal continuum using the AtomDB NoLine3
model apecnoline, an XSPEC model that includes
no emission lines. We adopt the best-fit values of our
full spectral analysis (e.g., NH, kTe, norm, τ) into a
phabs*(apec+apec+apec) model, where the 3 apec
(noline) models represent the ISM, cool ejecta, and
hot ejecta components. From each ejecta vvrnei (or
vvapec) component, we subtract our derived apecno-
line continuum to obtain the continuum-subtracted
line flux of each element. We perform this calculation
for the He-α and Ly-α line of Si, S, Ar, and Ca. We
then convert these flux ratios to kTz using the relations
shown in Figure 6a of Sun & Chen (2020) and created
from AtomDB data tables.
We adopt the same approach as above to measure and
map the flux of the Fe RRC line (at Eedge = 8.83 keV)
as well (see Section 3.5 for more details).
3. RESULTS
3 http://www.atomdb.org/noline.php
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Figure 3. Maps of best-fit NH (left panel) and kTISM (right right) values. Cyan contours of the 0.5− 7.0 keV emission (from
Chandra; Lopez et al. 2013b) are overplotted. North is up, and East is left.
Table 2 in the Appendix lists the best-fit parameters
for each of the 46 regions analyzed, including 1-σ errors
on all quantities that were derived using the XSPEC
error command. Two example spectra and their best
fits are presented in Figure 2. The left panel shows
the best-fit spectra associated with region 17, where the
cooler ejecta is found to be in CIE, while the right panel
shows the spectra from region 23, where both ejecta
components are overionized. In Sections 3.1–3.3, we
consider the results associated with each spectral com-
ponent and the implications.
3.1. NH and kTISM Maps
In Figure 3, we show the best-fit NH and kTISM maps.
We find a range in best-fit NH of (7.2–8.5)×1022 cm−2
and best-fit kTISM of 0.16–0.20 keV. These values are
consistent with previous measurements by Lopez et al.
(2013a), Zhou & Vink (2018), and Sun & Chen (2020).
NH is elevated in the center, east, and southwest,
whereas it is comparatively lower in the southeast,
northeast, and exterior of W49B. These results sug-
gest that the dense material in front of (or associated
with) the SNR is not uniform. We note that CO and
warm H2 has been detected in the east and south-
west of W49B (Lacey et al. 2001; Keohane et al. 2007;
Zhu et al. 2014), consistent with the enhanced NH in
those directions. The elevated NH in region 11 (of
NH = (8.76
+0.03
−0.07)×1022 cm−2) corresponds to a “hole”
seen in Chandra images where X-rays below ∼2.5 keV
are attenuated (see Figure 3 of Lopez et al. 2013a)
which suggests the existence of dense foreground ma-
terial there.
Our kTISM values are clustered around ≈ 0.18 keV and
are relatively constant across the SNR varying only by
∼20% in the 46 regions. We note that our kTISM map
tends to be anti-correlated with the best-fit NH (where
regions of high NH have lower kTISM). As discussed in
Section 2.2, the NH and kTISM are determined largely
from the flux below ∼2.5 keV, so it is possible that these
components are partially degenerate with one another.
3.2. Cooler Ejecta Component Maps
In Figure 4, we show the maps of the parameters
associated with the cooler ejecta component: the cur-
rent electron temperature kTe,1, the initial temperature
kTinit, the ionization timescale τ1, the recombination
timescale trec,1, and the ratio of kTe,1/kTinit. We find a
range in best-fit kTe,1 of 0.31–0.76 keV and best-fit kTinit
of 2.72–4.26 keV. Our results are consistent with those
of Sun & Chen (2020) who found kTe,1 = 0.64±0.01 keV
and kTinit values of 2.42
+0.06
−0.03 keV and 4.54
+0.17
−0.07 keV of
their cooler and hotter components, respectively, from
the integrated XMM-Newton spectrum. Both of these
temperature maps show enhanced temperatures along
the bar, and kTe,1 is additionally enhanced in the south-
east.
The best-fit ionization timescales τ1 of the overionized
cooler plasma are ∼(7–14)×1011 cm−3 s. We find that
the cooler component has reached CIE in the east, as
denoted by the white squares in the parameter maps
in Figure 4. By contrast, the best-fit τ1 values in the
west suggest that the cooler ejecta component has not
reached CIE yet.
To examine the cooling across the SNR, we map
kTinit/kTe,1 in Figure 4. Enhanced ratios of kTinit/kTe,1
may reflect more recent, rapid cooling (a shorter re-
combination timescale trec,1) or a lower-density medium.
We find the northwest has the highest ratios, and the
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Figure 4. Maps of the best-fit parameters of the lower-temperature (cooler) ejecta component with cyan contours overplotted
from the broad-band X-ray emission (from Chandra; Lopez et al. 2013a). The white squares in the maps reflect the plasma in
CIE. The trec is estimated by dividing τ1 by the estimated electron density ne,1. North is up, and East is left.
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Figure 5. Maps of the best-fit parameters of the hotter ejecta component with cyan contours overplotted from the broad-band
X-ray emission (from Chandra; Lopez et al. 2013a). The trec,2 is estimated by dividing τ2 by the estimated electron density ne,2.
North is up, and East is left.
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south and central regions have comparatively lower
kTinit/kTe,1.
As stated in Section 2.2, we tied kTinit of the cooler
ejecta component to that of the hotter component.
We note that the best-fit kTinit and τ1 are correlated:
greater kTinit values correspond to greater τ1 values.
This relationship arises since a higher temperature re-
quires more time to reach the current ionization state.
To correct for this degeneracy, we map an “effective
kTinit/kTe,1 ratio” that is computed by weighting kTinit
with τ1 and dividing by kTe,1. In this case, the trend is
even more pronounced; effective kTinit/kTe,1 is greatest
in the northwest and decreases in the east and south
directions.
In Figure 4, we also present a map of the recombina-
tion age trec,1. To compute trec,1, we first estimate the
electron density ne in each region across the SNR us-
ing the norm parameter of the cooler ejecta component,
since norm = (10−14/4piD2)
∫
nHnedV , where D is the
distance to the SNR, nH is the hydrogen number density
and V is the volume of each region. We adopt a distance
of D = 9.3 kpc, an intermediate value of the distance
estimates of 8–11.3 kpc in the literature (e.g., Brogan
& Troland 2001; Zhu et al. 2014; Ranasinghe & Leahy
2018). We assume that nH ≈ 1.2ne, as is the case for
a fully ionized plasma with solar abundances. To cal-
culate the volume of each region, we approximate each
0.5′×0.5′ region as a rectangular prism. We assume the
SNR is spherical and estimate the depth l of each region,
where l = 2
√
R2s − r2, Rs is the radius of the SNR, and
r is the projected distance from the region to the SNR
center. We adopt a radius Rs = 2.37
′, corresponding to
6.6 pc at D =9.3 kpc, and a SNR center of right ascen-
sion α = 19h11m7.11s and declination δ = +9◦6′14.04′′.
Furthermore, we assume electron pressure equilibrium
(i.e., ne,ISMkTISM=ne,1kTe,1=ne,2kTe,2) in order to solve
for the unknown filling factors of each plasma compo-
nent. Finally, to calculate trec,1, we divide the best-fit
τ1 by the derived ne,1. We note that since the environ-
ments of mixed-morphology SNRs like W49B tend to
be quite clumpy (e.g., see Zhang et al. 2019, and ref-
erences there within), this calculation (which assumes
a uniform ne) likely underestimates the true ne of the
environment, leading to an overestimation in trec. More-
over, trec depends on f , the volume filling factor, since
trec ∝ f0.5. For this calculation, we have assumed that
f1 + f2 + f3 = 1.
In the central and western regions, we find that trec,1
= 600–2000 years, with a gradient of increasing ages
toward the east. Assuming an ionization timescale of
τ1 ∼ 3×1012 cm−3 s (the boundary around which a CIE
model fit better than an RP model), the eastern regions
Figure 6. Map of the best-fit norm2/norm1, the ratio of the
normalizations of the hotter and cooler ejecta components,
with cyan contours overplotted from the broad-band X-ray
emission (from Chandra; Lopez et al. 2013a). Larger ratios
correspond to greater flux from the hotter RP component.
North is up, and east is left.
in CIE have trec,1 values of ∼ 3000 − 6000 years. Our
results are similar to those of Zhou & Vink (2018), who
found trec ≈ 1000 − 4000 years in the center and west
regions and trec & 8,000 years in the east (we note that
they used a single RP in their model, reflecting the hot-
ter ejecta). Similarly, Sun & Chen (2020), whose model
of the integrated spectrum included the same compo-
nents as ours, derived a trec of 3400±200 years.
3.3. Hotter Ejecta Component Maps
Figure 5 shows the best-fit parameters associated with
the hotter vvrnei ejecta component. The current elec-
tron temperature kTe,2 ranges from 0.87–1.62 keV, val-
ues similar to the temperatures measured by Lopez
et al. 2013a (≈1.1–1.8 keV), Zhou & Vink 2018 (≈0.7–
2.2 keV), and Sun & Chen 2020 (1.60+0.02−0.01 keV). The
best-fit kTinit spans from 2.72–5.07 keV, comparable to
the global kTinit = 4.54
+0.17
−0.07 keV found by Sun & Chen
(2020) and the range of kTinit ∼ 2–5 keV reported by
Zhou & Vink (2018).
The kTe,2 and kTinit maps show significant gradients
going from the southwest to the northeast of W49B.
Regions coincident with W49B’s “bar” (associated with
a possible jet; Lopez et al. 2013b; Gonza´lez-Casanova
et al. 2014) and eastern regions where the SNR is inter-
acting with a molecular cloud (Keohane et al. 2007; Zhu
et al. 2014) have elevated kTe,2 and kTinit. A similar
trend is evident in τ2, with longer ionization timescales
(of τ2 & 4×1011 cm−3 s) in the east relative to the west
(where τ2 . 4× 1011 cm−3 s).
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Figure 7. Maps of the ionization temperature to electron temperature ratios (kTz/kTe) for Si, S, Ar, and Ca for both the
cooler (left column) and hotter ejecta components (middle column). The kTz/kTe colormaps have the same scale for easier
visual comparison. The right column shows the fractional flux of the He-α line of each element in the hot ejecta component
(e.g., FSi,1) relative to the total from both ejecta components (e.g., FSi,1 + FSi,2). North is up, and east is left.
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Table 1. Ionization Temperature Results
Element Cooler CIE Cooler RP Hotter RP
Ejecta kTz (keV) kTz (keV) kTz (keV)
Si 0.5–0.8 0.7–0.9 1.1–1.3
S 0.8–1.0 1.0–1.4 1.6–1.8
Ar 1.4–1.8 1.9–2.4 2.2–2.4
Ca 2.2–2.4 2.4–2.7 2.7–3.0
As with the cooler ejecta component (see Section 3.2),
we assess the efficiency of the rapid cooling by mapping
the ratio kTinit/kTe,2, the τ2-weighted kTinit/kTe,2, and
trec,2 in Figure 5. The western regions of W49B exhibit a
much larger temperature difference than the eastern re-
gions, consistent with the results for the cooler ejecta
component. However, the hotter component has the
largest ratios in the southwest, whereas the cooler ejecta
had the most cooling in the northwest.
Our recombination age trec,2 map for the hotter com-
ponent has a similar east-west gradient as that of trec,1:
the central and western regions have trec,2 ≈ 500− 1000
years, whereas the eastern side has trec,2 ≈ 1500− 2500
years. Though these values are consistent with those of
Zhou & Vink (2018), our trec,2 range is less than the
recombination age of 6000±400 years derived by Sun &
Chen (2020) for their hotter RP. These disparate results
likely arise from differences in the estimates of ne,2: Sun
& Chen (2020) found a hotter RP density of ∼2.1 cm−3,
whereas our ne,2 range from ∼ 5− 20 cm−3.
Figure 6 shows the ratio of the hotter-to-cooler ejecta
best-fit norm values, where norm2/norm1>1 indicates
that a region has greater emission measure in the hot-
ter component. This map demonstrates that the hotter
ejecta dominates eastern regions of W49B, the cooler
ejecta dominates south-western regions, and the two are
equally present in the north/northwest regions.
3.4. Ionization Temperatures
In Table 1, we summarize the range of the ioniza-
tion temperatures kTz obtained from our spectral mod-
eling. Here we divide the findings into three categories:
the cooler ejecta in CIE, the cooler overionized ejecta,
and the hotter overionized ejecta. For all regions, we
find that higher-mass elements exhibit greater kTz than
lower-mass elements, suggesting that the former are fur-
ther out of CIE than the latter elements. This finding
is consistent with the fact that lighter elements require
shorter ionization timescales to reach CIE at tempera-
tures &1 keV (Smith & Hughes 2010). To determine the
degree of overionization and to probe the physical ori-
gin of the recombining plasma, we compare kTz of each
element to kTe in the ejecta components.
In Figure 7 we plot the ratio of the ionization temper-
ature to the current electron temperature (kTz,1/kTe,1
and kTz,2/kTe,2) for the Si, S, Ar, and Ca in both
ejecta components. For the cooler plasma in CIE, in
the east of W49B, only Si has kTSi,1/kTe,1 ∼ 1. By
comparison, kTS,1/kTe,1 ∼ 1.1–1.8 in the same regions,
and kTAr,1 and kTCa,1 are significantly higher, with
kTAr,1/kTe,1 ∼ 3 and kTCa,1/kTe,1 ∼ 4. Consequently,
despite the best-fit model of the eastern cooler ejecta
including a CIE component, the elements heavier than
Si are still overionized. This result indicates that the
plasma has cooled rapidly, and only the Si (and prob-
ably elements lighter than Si) has reached CIE. In the
central and western regions, all of the elements in the
cooler plasma have kTz,1/kTe,1 > 1 (indicative of overi-
onization) and show gradients of increasing kTz,1/kTe,1
from southeast to northwest.
We note that the vast majority of the emission from
S, Ar, and Ca is from the hotter ejecta component,
whereas the Si emission comes from both ejecta compo-
nents. Figure 7 (right column) demonstrates this point
by mapping the ratio of the flux in the He-α line of the
hotter ejecta Fz,2 to the total He-α line flux of both
ejecta components for each element (Fz,1 + Fz,2). Here
only a fraction (. 60%) of the total Si emission is from
hotter ejecta component. Given that the Ar and Ca con-
tribute negligibly to the flux in the cooler RP in partic-
ular, the kTAr,1/kTe,1 and kTCa,1/kTe,1 maps have large
uncertainties and should be interpreted with caution.
For the hotter RP ejecta component, all of the ele-
ments show a gradient of increasing kTz,2/kTe,2 toward
the west/southwest, consistent with the kTinit/kTe,2
map in Figure 5. In the western and central regions,
all elements have kTz,2/kTe,2 > 1. However, in the east-
ern regions, although the ratios of kTz,2/kTe,2 ≥ 1 for
S, Ar, and Ca, we find that Si has kTz/kTe,2 < 1, indi-
cating that Si is underionized in the east. We note that
the ∼60% of Si emission in the eastern regions comes
from the hotter ejecta component, indicating that this
measurement is robust.
3.5. Fe RRC Map
The He-like Fe radiative recombination continuum
(RRC) line at Eedge = 8.83 keV in W49B is a useful
spectral feature to constrain further the ionization state
of the RP (Ozawa et al. 2009). Toward this end, we
map the ratio of the Fe RRC flux (from 8.8–10 keV;
FRRC,2) to the Fe He-α flux (from 6.3–6.9 keV; FFe,2)
from the hotter ejecta component in Figure 8 (the hotter
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Figure 8. Map of the ratio between the continuum-
subtracted 8.8–10.0 keV Fe RRC flux (FRRC,2) and the 6.3–
6.9 keV Fe He-α flux (FFe,2) of the hotter ejecta component.
a method of measuring the degree of overionization. North
is up, and East is left.
component is responsible for nearly all of the Fe emis-
sion). The map matches the results of Yamaguchi et al.
(2018), who used exposure-corrected NuSTAR images
to show the ratio of the 8.8–10 keV band to the 6.4–
6.8 keV band. The spatial distribution of FRRC,2/FFe,2
is enhanced towards the west indicating a higher degree
of overionization.
4. DISCUSSION
In this section, we synthesize the results presented in
Section 3 to draw conclusions about the presence and
origin of the recombining plasma in W49B. We find that
W49B exhibits signatures of overionization throughout
the entire SNR, in contrast to previous spatially-resolved
studies (e.g., Miceli et al. 2010; Lopez et al. 2013a; Zhou
& Vink 2018) that identified RP in the west and cen-
tral regions and no evidence of RP in the east. The
exceptions are Yamaguchi et al. (2018) who found low
degrees of overionization in the east using NuSTAR data
and Sun & Chen (2020) who analyzed the global XMM-
Newton spectra and found that the best-fit model had
all of the ejecta in an overionized state.
We find a gradient of increasing overionization from
east to west for both the cooler (with kTe,1 = 0.31 −
0.76 keV) and hotter (with kTe,2 = 0.87 − 1.62 keV)
ejecta components, based on the maps of kTinit/kTe, τ ,
trec (Figures 4 and 5), kTz/kTe of each element (Fig-
ure 7), and the Fe RRC to He-α flux ratio (Figure 8).
Given that W49B is impeded by molecular material to
its east/southeast (Keohane et al. 2007; Lopez et al.
2013b; Zhu et al. 2014), whereas it is now expanding
into a lower-density ISM in the west, our results are
consistent with the overionization predominantly aris-
ing from adiabatic expansion, as suggested in previous
work (Miceli et al. 2010; Lopez et al. 2013a; Yamaguchi
et al. 2018; Zhou & Vink 2018).
4.1. RP in Western and Central Regions
Although both ejecta components are generally more
overionized in the west, the cooler RP is most strongly
overionized in the northwest (Figure 4), and the bulk of
the hotter RP overionization is found in the south-
west (Figure 5). Both results are consistent with
the adiabatic expansion scenario, as described above.
However, it is possible that the southwest (instead of
west/northwest) enhancement of overionization in the
hot RP arises from interaction with CSM material there
(Keohane et al. 2007), though that material may be in
foreground (Lacey et al. 2001).
We again note that a majority of the emission in
the southwest of W49B (see Figure 6) arises from the
cooler component, whereas the emission in the north-
west is produced equally by the hot and cool RPs.
Taken together with the maps of Figures 4 and 5, we
see that the bulk of the overionized ejecta is toward the
west/northwest, farthest away from the eastern molec-
ular cloud and consistent with rapid cooling from adia-
batic expansion.
For these central and western regions, the kTz/kTe
maps for Si, S, Ar, and Ca show increasing ionization
temperatures for higher-mass elements (see Figure 7).
This increasing ionization temperature is similar to that
found in past studies (Kawasaki et al. 2005; Lopez et al.
2013a; Sun & Chen 2020), consistent with the fact that
heavier elements require a factor of a few higher ioniza-
tion timescales to reach CIE at temperatures of &1 keV
(Smith & Hughes 2010). These ionization temperatures
are higher in the western regions of W49B, supporting
the existence of more highly ionized plasma there. As
each element’s ionization temperature map shows a sim-
ilar distribution, we conclude that the different ioniza-
tion temperatures between Si/S and Ar/Ca do not arise
because of associations with distinct RP components.
4.2. RP in Eastern Regions
We find that the cooler ejecta in the east of W49B,
where the SNR is impeded by molecular material, is
best fit with a CIE component. This finding is con-
sistent with the results of Zhou & Vink (2018), who
found that their single ejecta component is in CIE to
the east. This result indicates that either the ejecta
cooled more rapidly or for longer times than the other
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parts of the SNR, or that this part of the SNR was
never overionized. As we are unable to constrain trec,1
in these regions, we use the kTz,1/kTe,1 ratios in Figure
7 to constrain its ionization history. We find that nearly
all elements have kTz,1/kTe,1 > 1, suggesting that the
plasma was overionized and is progressing toward CIE.
The ratio kTz,1/kTe,1 is smaller for the lighter elements,
with kTz,1/kTe,1 ∼ 1 for Si, consistent with lighter ele-
ments requiring shorter τ to reach CIE (Smith & Hughes
2010). However, we note that the majority of the flux
in the east of W49B is from the hotter RP (see Fig-
ure 6), suggesting that the majority of ejecta in the east
is hotter and is still overionized.
In contrast to Lopez et al. (2013a) and Zhou & Vink
(2018), we find evidence of overionization in the hotter
ejecta in the east of W49B where the SNR is impacting
molecular material, though the amount of overionization
is &1.5–2× less than in the west. These differences sug-
gest that the regions closest to the molecular cloud in
the east did not cool as rapidly as the freely expanding
regions in the west/northwest and the less dense regions
in the southwest. This reduced cooling may result from
the lack of low-density medium to expand into or be-
cause cooling via thermal conduction is not as efficient
as cooling from adiabatic expansion.
4.3. Thermal Conduction Timescales
As discussed above, we find greater overionization in
the west of W49B, but overionized ejecta is present in
the east as well. In these eastern regions, the cooler
ejecta is partially in CIE (kTSi,1/kTe,1 ≈ 1 whereas other
elements have kTz,1/kTe,1 > 1) and the hotter ejecta is
entirely overionized. While the western regions’ cooling
is likely a result of adiabatic expansion, the overioniza-
tion in the eastern regions could be a result of adiabatic
expansion and/or thermal conduction.
To examine the origin of the rapid cooling in the east,
we calculate the thermal conduction timescale tcond us-
ing
tcond ≈ 634
(
ne
1 cm−3
)(
`T
1 pc
)2(
kTe
1.0 keV
)−5/2(
lnΛ
32
)
yr
(1)
where ne is the average electron density, `T is the scale
length of the temperature gradient, kTe is the average
temperature in these regions, and ln Λ is the Coulomb
logarithm (Spitzer 1962; Kawasaki et al. 2002; Zhou
et al. 2014). Using Equation 1, we estimate tcond of the
eastern regions for both ejecta components and compare
these estimates to trec. If tcond < trec, then it is plau-
sible that thermal conduction is the origin of the RP.
Otherwise, an alternate cooling mechanism (e.g., adia-
batic expansion) is necessary.
In the eastern regions, we find ne,2 ≈ 10 cm−3 for the
hotter ejecta and ne,1 ≈ 30 cm−3 for the cooler ejecta (as
calculated in Section 3.2). We assume `T = 3 pc (∼1.1′)
to match the distance from the CIE boundary to the un-
shocked, cool ISM east of the SNR. Using the average
current electron temperatures of kTe,1 ≈ 0.6 keV and
kTe,2 ≈ 1.6 keV, we find tcond,1 = 613 kyr for the cooler
RP and tcond,2 = 17.6 kyr for the hotter RP. These ther-
mal conduction timescales are both significantly greater
than the estimated trec ∼ 1500 − 6000 years, and thus
thermal conduction is unlikely the source of cooling.
As noted in the introduction, models (Zhou et al. 2011;
Zhang et al. 2019) find that thermal conduction is neces-
sary to reproduce the observed morphology (specifically
the bar) of W49B. These works split thermal conduc-
tion into large- and small-scale processes, claiming that
large-scale thermal conduction smoothed the tempera-
ture and density distributions, whereas the small-scale
thermal conduction led to cloud evaporation (see Cowie
et al. 1981 and White & Long 1991) that produced a
thermal X-ray emitting core and overionization features.
We note that past studies (Vink 2012; Zhou et al. 2014;
Sun & Chen 2020) have set `T ∼ RSNR, the radius of the
SNR, thereby calculating the timescale for large-scale
thermal conduction.
To investigate the timescale for small-scale thermal
conduction, we compute the necessary `T in order for
tcond < trec. We perform this test on the hotter RP
(with kTe,2 ≈ 1.6 keV and ne,2 ≈ 10 cm−3) as it domi-
nates the flux in the eastern regions (see Figure 6). For
this eastern ejecta, we find that `T . 1 pc in order
for tcond . trec,2 ≈ 2000 years. Consequently, dense
ISM clouds of sizes .1 pc are necessary in order for
thermal conduction to account for the observed cool-
ing. We can further constrain these cloud sizes through
the thermal conductivity requirement that the scale
length `T is greater than the electron mean free path
λe ≈ 0.1 (kTe/0.6 keV)2 (ne/10 cm−3)−1 pc (Cowie &
McKee 1977), which gives us a lower limit on the scale
length. Thus, we find possible values for the clumpy
ISM cloud length scale of 0.1 . `T . 1 pc for the hotter
ejecta. Otherwise, rapid cooling via thermal conduction
is not a plausible origin of the eastern hotter overion-
ized plasma. We note that McKee & Ostriker (1977)
estimated cloud radii of 0.4–10 pc, and our limits are on
the lower end of their predictions.
5. CONCLUSIONS
We performed a spatially-resolved study using deep
XMM-Newton observations of W49B to investigate the
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presence, location, and physical origin of overionized
plasma within the SNR. To that end, we modeled the
spectra of 46 0.5′× 0.5′ regions in W49B. We make use
of the high signal to fit the data with a 3-component
model: one ISM component plus two ejecta components.
To investigate the degree of overionization, we produced
temperature, τ , and trec maps for each ejecta component
as well as ionization temperature to current temperature
maps for Si, S, Ar, and Ca.
We find that W49B contains overionized plasma across
the entire SNR, present in a gradient of increasing ove-
rionization from east to west. Our results are broadly
consistent with past studies of recombining plasma in
W49B (e.g., Miceli et al. 2010; Lopez et al. 2013a; Yam-
aguchi et al. 2018; Zhou & Vink 2018; Sun & Chen 2020).
Given that the western regions furthest from the east-
ern molecular cloud interaction (Keohane et al. 2007;
Zhu et al. 2014) show the greatest overionization (with
kTinit/kTe ≈ 4), we attribute the origin of the majority
of recombining plasma in W49B to rapid cooling from
adiabatic expansion of shock-heated plasma into a lower-
density ISM. In contrast with the results of Lopez et al.
(2013a) and Zhou & Vink (2018), we find significant ove-
rionization (kTinit/kTe ≈ 2.7) in the eastern regions of
the SNR as well, mainly from the hotter ejecta.
Given that the eastern regions are interacting with a
molecular cloud, rapid cooling via thermal conduction
is a possible origin for this eastern plasma (as suggested
by Sun & Chen 2020 for their hotter ejecta component).
For our hotter ejecta, we find that in order for the ther-
mal conduction timescale to be less than the recombina-
tion timescale, tcond < trec ≈ 2000 yrs, the temperature
gradient length scales must be `T . 1 pc. The require-
ment that the length scale be greater than the electron
mean free path sets a lower limit of 0.1 pc. These values
place constraints on the clumpy ISM/CSM cloud size
required for small-scale thermal conduction via cloud
evaporation (as opposed to large-scale thermal conduc-
tion; Zhou et al. 2011; Zhang et al. 2019) to be a plau-
sible origin of the overionized plasma in the eastern re-
gions. Given theoretical cloud size estimates of 0.4–10 pc
(McKee & Ostriker 1977), we find that small-scale ther-
mal conduction via cloud evaporation can explain the
existence of the hotter, eastern overionized plamsa.
Our spatially-resolved spectral analysis of W49B,
combined with the previous studies of W49B’s abun-
dances, recombining plasma, and morphology (e.g.,
Kawasaki et al. 2005; Lopez et al. 2009; Ozawa et al.
2009; Yang et al. 2009; Miceli et al. 2010; Lopez et al.
2013a,b; Zhu et al. 2014; Yamaguchi et al. 2018; Sun
& Chen 2020) can be used to inform future simula-
tions investigating the progenitor, explosion processes,
and recombination physics required to create this SNR.
For example, simulations by (Zhou et al. 2011; Zhang
et al. 2019) investigate the recombination physics and
ISM structure required to produce W49B’s morphology
assuming a spherically-symmetric explosion and con-
cluded that small-scale thermal conduction via cloud
evaporation is necessary to reproduce its features. Our
observational study confirms that small-scale thermal
conduction is a viable origin for RP in the east of W49B
regardless of whether the explosion was symmetric or
asymmetric.
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